ABSTRACT: An experiment was conducted to compare a commercial corn-soybean meal diet with a pearl millet diet containing less soybean meal (−27%), alone or in combination with exogenous enzymes, on growth performance, jejunal villus development, ileal CP, and AA digestibility, and cecal microbial populations in broilers. One hundred sixty 1-d-old male Ross 508 broilers (5/cage) were randomly allocated to one of the following dietary treatments: 1) a standard corn-soybean meal control diet (CTL); 2) a pearl millet-soybean meal diet (PM); 3) CTL + exogenous enzymes (CE); and 4) PM + exogenous enzymes (PE) with 8 replicate cages/ treatment. The PM and PE diets contained less soybean meal because of greater CP and AA contents of pearl millet. All diets were isonitrogenous and isocaloric. Body weight and feed intake were recorded weekly over 35 d. At d 21 and 35, 8 broilers per treatment were euthanized for sample collection and analyses. Gainto-feed was greater (P < 0.01) for pearl millet-than corn-based diets. Apparent ileal digestibility (AID) of CP and most AA was similar between corn-based and pearl millet-based diets, and enzyme supplementation improved AID of CP (P < 0.01) and most AA at both d 21 and 35. However, for AID of some AA at d 21, the response to enzyme supplementation was less pronounced in broilers fed pearl millet-based diets than those fed corn-based diets (grain × enzyme, P ≤ 0.05). The villus was longer (P < 0.01) in broilers fed PM and PE than CTL and CE at d 35. Similarly, at d 35, lactobacilli loads were greater (P < 0.01) in broilers fed PM and PE than CTL and CE. It is concluded that, in comparison with corn, broiler diets formulated with pearl millet require less soybean meal and can be used to improve growth performance traits, intestinal lactobacilli populations, and villus development, whereas enzyme supplementation increases AID of CP and AA.
INTRODUCTION
Corn is a major ingredient (above 50%) in broiler diets, contributing about 65% of broiler ME requirements. However, increasing corn prices by reason of its preferential diversion toward human consumption and corn ethanol industry have compelled the poultry industry to reduce reliance on corn. Despite numerous scientific investigations, no alternative grain to corn has yet been identified. Wheat, barley, and rye are well documented to cause detrimental effects on growth, intestinal digesta viscosity, nutrient digestibility, morphological development, and microbial populations in chickens (Almirall et al., 1995; Crouch et al., 1997; Langhout et al., 1999; Mathlouthi et al., 2002; Lázaro et al., 2003) . But, recently, we reported that a new hybrid Canadian pearl millet (Pennisetum glaucum) variety (CGPMH-90, Agriculture Environmental Renewal Canada Inc., Delhi, Ontario, Canada) can potentially replace corn in broiler diets and lead to substantial improvements in BW and feed efficiency without affecting any intestinal traits (Baurhoo et al., 2011) .
Although costly, soybean meal (SBM) is indisputably the major source of highly digestible CP and AA in broiler diets with inclusion rates greater than 30%. But, in addition to its relatively comparable ME with corn, the Canadian pearl millet grains contain greater concentration of CP and most limiting AA, including Lys, Met, Thr, and Arg (Yin et al., 2002; Baurhoo et al., 2011) . Enzyme addition to corn-SBM diets are frequently reported to increase ileal nutrient digestibility and feed efficiency (Meng and Slominski, 2005; Cowieson and Ravindran, 2008; Zhou et al., 2009 ). Therefore, this study was conducted to determine whether formulating pearl millet diets with 1) reduced SBM inclusion rates would compromise broiler growth and health; and 2) enzymes may increase ileal digestibility of CP and AA, feed efficiency, and growth.
MATERIALS AND METHODS
The protocols involved in this study were approved by the Animal Care Committee of McGill University.
Bird Management
One hundred sixty male Ross 508 broilers obtained from a local commercial hatchery (Couvoir Simentin, Mirabel, Québec, Canada) were grown in cages over a 35-d experimental period. Eight cage replicates that housed 5 broilers each were randomly assigned to 1 of 4 dietary treatments. Broilers were raised in an environmentally controlled room, in which temperature was gradually decreased from 32 to 24°C by 0.5°C daily under a 20-h light:4-h dark lighting cycle. Broilers were group weighed by cage, and ADG and ADFI were determined at weekly intervals.
Experimental Diets
The study was conducted as a 2 × 2 factorial arrangements of dietary treatments. The 4 experimental diets included 1) a commercial corn-SBM diet (CTL); 2) a similar diet, in which corn was totally replaced with the Canadian pearl millet, but contained 27% less SBM (PM; AERC Inc.); 3) CTL + enzymes (CE); and 4) PM + enzymes (PE). The enzyme blend used included 2 commercial enzyme complexes (first: 50 g of Vegpro/t of feed, Alltech Inc., Nicholasville, KY; and second: 100 g of Robavio Excel AP/t of feed, Adisseo Canada Inc., Campbellville, Ontario, Canada). The first complex is a multi-enzyme complex that contains 7,500 units of protease and 44 units of cellulase per gram with side activities of pentosanase, α-galactosidase, and amalyse. The second complex contains 22,000 visco units/g (equivalent to 1,400 units/g) of endo-1,4-β xylanase and 2,000 units/g of endo-1,3(4) β-glucanase. Broilers had ad libitum access to experimental diets and water. All diets were formulated following the least-cost diet formulation to be isoenergetic and isonitrogenous, and to meet or exceed the minimum broiler requirements for macro-and micro-nutrients (Table 1) . Analyzed chemical composition of corn and pearl millet used in diet formulation is presented in Table 2 , and more details on the diet formulation are presented by Baurhoo et al. (2011) . Analyzed AA composition of pearl millet has been presented previously by Yin et al. (2002) . Finally, chromic oxide (3 g/kg) was included in all diets as an indigestible marker to determine ileal nutrient digestibility.
Sample Collection
At 21 and 35 d of age, 1 broiler per cage (n = 8/ treatment) was randomly selected, weighed, and killed Basal diets were supplemented with inert filler (150 g/t) or a multi-enzyme complex blend consisting of 2 complexes (first: 50 g of Vegpro/t of diet, Alltech Inc., Nicholasville, KY; and second: 100 g of Robavio Excel AP/t of diet, Adisseo Canada Inc., Campbellville, Ontario, Canada). The first complex provided the following quantities of enzymes: 7,500 units of protease and 44 units of cellulase per gram with side activities of pentosanase, α-galactosidase, and amalyse. The second complex provided the following quantities of enzymes: 22,000 visco units/g (equivalent to 1,400 units/g) of endi-1,4-β xylanase and 2,000 units/g of endo-1,3 (4) by electrical stunning and severing of the carotid artery. The jejunum (2 cm from the end of duodenum to Meckel's diverticulum) and both ceca were carefully excised and collected. For nutrient digestibility analyses, another broiler per cage was killed and ileal (Meckel's diverticulum up to 40 mm above the ileo-cecal junction) digesta from the 2 broilers per cage were pooled to obtain enough samples.
Gut Digesta Viscosity
The jejunal content of each broiler was carefully hand-stripped into a 15-mL centrifuge tube and immediately placed on ice. Then, 2 g of fresh digesta were centrifuged (12,000 × g for 10 min at 4°C). After the supernatant was separated from the pellet and gently mixed by hand shaking, a 1-mL volume was used in an advanced rheometer fitted with a CP 40 cone (model AR 2000EX, TA Instruments, New Castle, DE) at 40°C and shear rate varying from 5 to 500/s to determine viscosity. Viscosity measurements were taken at 42 s −1 and recorded in centipoises.
Gut Histomorphology
A 1-cm segment of the jejunum (n = 8/treatment) was washed in physiological saline solution; fixed in 10% buffered formalin solution; washed thrice in 0.1 M PBS (pH 7.4) for 15 min each time; dehydrated using increasing ethanol concentrations at 70 (overnight), 80 (1 h), 90 (1 h), and 100% (1 h over 3 consecutive times); and then embedded in paraffin. Using a microtome, each tissue sample was cross-sectioned with a thickness of 5-μm (3 per sample), placed on a glass slide, and stained with hematoxylin and eosin. A phase contrast microscope with integrated image analysis software (NIS-Element BR v. 2.3, Nikon DXM 1200c, Nikon Corporation, Tokyo, Japan) was used to measure villus height and width. Villus height was defined as distance measured from the tip of the villus to the top of the lamina propria, whereas villus width was measured at the basal and apical ends. Villus surface area was calculated using the following formula (Sakamoto et al., 2000) : (2π)(villus width/2)(villus height). Ten replicate measurements per treatment broilers were used in statistical analysis.
Microbiological Analysis
Fresh cecal samples of treatment broilers (n = 8/ treatment) were diluted 10-fold by weight in buffered peptone water (Fisher Scientific, Ottawa, Ontario, Canada). Samples were mechanically homogenized at room temperature using a stomacher (model 400 Lab Blender, Steward Medical, London, UK) and serially diluted in 0.85% sterile saline solution and used for enumeration of lactobacilli and Escherichia coli. All microbiological analyses were performed in duplicate, and the average values were used in statistical analysis. Lactobacilli were enumerated using an agar (Man, Rogosa and Sharpe agar, Fisher Scientific), whereas E. coli was assayed using another agar (Rapid E. coli 2 agar, BioRad Laboratories, Missisauga, Ontario, Canada). Agar plates were incubated at 37°C for 24 or 48 h, after which bacterial colonies were counted.
Ileal Nutrient Digestibility
Ileal digesta from respective bird groups were freezedried, whereas diet samples were dried overnight in a forced air oven at 70°C. Then, all ileal and diet samples were ground to pass through a 0.5-mm sieve and stored in airtight containers at -20°C until analysis. All analyses were done in duplicate. Dry matter and OM were determined according to the standard methods of the AOAC (1990; method 925.09). Crude protein (N × 6.25) was determined using an N analyzer (model FP 428, Leco Corp., St. Joseph, MI). Samples for AA analysis were prepared by acid hydrolysis according to the method of AOAC (1990; method 982.30) and as described by Woyengo et al. (2010) . Briefly, about 100 mg of each sample was digested in 4 mL of 6 N HCl for 24 h at 110°C, neutralized with 4 mL of 25% (wt/ vol) NaOH, and cooled to room temperature. Then, the mixture was brought to a final volume of 50 mL with sodium citrate buffer (pH 2.2) and analyzed using an AA analyzer (Sykam, Eresing, Germany). Chromic oxide was determined using the methods of Fenton and Fenton (1979) as described by Baurhoo et al. (2011) . Apparent ileal digestibility (AID) coefficients for DM, OM, CP, and AA were calculated using the following equation:
where Cr (diet) is the concentration of chromic oxide in the diet, Cr (ileal) is the concentration of chromic oxide in the ileal digesta, NT (ileal) is the concentration of the test nutrient in the ileal digesta, and NT (diet) is the concentration of the test nutrient in the diet.
Breast Meat Analysis
At d 35, samples of breast fillet were minced and kept at −80°C overnight; thereafter, these were freeze-dried to a constant weight. The dried meat samples were finely ground and analyzed for CP as described previously and crude fat following methods of the AOAC (2000; method 920.39). Analyses were performed in duplicate, and the average values of these were used in statistical analysis.
Statistical Analyses
All data were analyzed as a 2-way ANOVA and a 2 × 2 factorial arrangement of treatments to assess the main effects of grain type and enzyme supplementation and their interaction using the MIXED procedure (SAS Inst. Inc., Cary, NC). The cage was considered as the experimental unit. Statistical significance was declared at P < 0.05. Microbiological samples were subjected to base-10 logarithm transformations before statistical analysis. Table 3 shows ADG, ADFI, and G:F during the 35-d study period. Throughout the study period, broilers fed the PM and PE diets had greater ADG compared with those fed the CTL and CE diets. There was no difference in ADG between broilers fed the PM and PE diets, but broilers fed CE had less ADG during d 7 to 21 than those fed the CTL diet (grain × enzyme, P < 0.05). Overall, ADG in broilers fed pearl millet-based diets increased slightly with enzyme supplementation, whereas it decreased slightly in those fed corn-based diets (grain × enzyme, P = 0.03). During d 7 to 35, ADFI was reduced when broilers were fed the CE diet compared with those fed the CTL diet, but similar effects was not observed between broilers fed the PM and PE diets (grain × enzyme, P < 0.05). Overall, broilers consumed less pearl millet-based diets than corn-based diets, but again, ADFI in broilers fed the CE diet was less that those fed the CTL diet (grain × enzyme, P = 0.01). Throughout the study, G:F was greater (P < 0.01) in broilers fed the PM and PE diets than those fed the CTL and CE diets.
RESULTS

BW Gain, G:F, and Feed Intake
Viscosity and AID of DM, CP, and OM
Viscosity of jejunal digesta was not altered by grain type, enzyme supplementation, or interaction effects between these 2 factors (Table 3) . At d 21 and 35, enzyme supplementation of pearl millet or corn diets consistently increased (P < 0.01) AID of DM and CP, but they were not influenced by grain type (Tables 4 and  5) . Similarly, AID of OM increased by enzyme supplementation at both d 21 and 35 (P < 0.01), and it was also influenced by grain type at d 35 (P = 0.01), which was greater for pearl millet-based diets than corn-based diets.
Ileal AA Digestibility
The AID of AA was similar between broilers fed corn-based and pearl millet-based diets, except Arg and Gly at d 21 (P < 0.04; Tables 4 and 5). However, for AID of Met, Ile, and Tyr at d 21, the response to enzyme supplementation was less pronounced in broilers fed pearl millet-based diets than those fed corn-based diets (grain × enzyme, P ≤ 0.05). Similar statistical or numerical trends were observed for many other AA 2 CTL = a standard corn-soybean meal control diet; PM = a pearl millet-soybean meal diet; CE = CTL + exogenous enzymes; and PE = PM + exogenous enzymes. The enzyme blend contained 2 complexes (first: 50 g of Vegpro/t of diet, Alltech Inc., Nicholasville, KY; and second: 100 g of Robavio Excel AP/t of diet, Adisseo Canada Inc., Campbellville, Ontario, Canada). The first complex provided the following quantities of enzymes: 7,500 units of protease and 44 units of cellulase per gram with side activities of pentosanase, α-galactosidase, and amalyse. The second complex provided the following quantities of enzymes: 22,000 visco units/g (equivalent to 1,400 units/g) of endi-1,4-β xylanase and 2,000 units/g of endo-1,3(4) β-glucanase. throughout the study. Enzyme supplementation increased (P < 0.05) AID of all other AA at d 21 and 35, except Cys at d 21 (P = 0.08). With the exception of Arg and Gly at d 21 (P < 0.05), grain type had no effect on AID of AA throughout the study.
Enumeration of Lactobacilli spp. and E. coli in the Ceca
Lactobacilli and E. coli populations were not affected by grain type, enzymes, or interaction effects between these 2 factors at d 21 (Table 6 ). Similar results were observed for E. coli populations at d 35. At d 35, broilers fed the PM and PE diets had larger lactobacilli populations than those fed the CTL and CE diets (P < 0.01). Although the difference was not statistically significant (P = 0.07), lactobacilli populations at d 35 seemed to be larger in broilers fed diets supplemented with exogenous enzymes, especially in those fed the PE diet.
Histomorphology
At d 35, broilers fed the PM and PE diets had longer villi (P < 0.01) than those fed the CTL or CE diet (Table 6 ). Villi height was not altered by enzyme supplementation. At d 21, villi width was reduced (P = 0.04) by enzyme supplementation. The villi surface area was not altered by any of the dietary treatments throughout the study.
Breast Meat Analysis
Moisture and CP of breast meat were similar across dietary treatments, even though there was a diet × enzyme interaction in CP (P = 0.04; Table 6 ). However, breast meat of broilers fed the diets supplemented with enzyme contained more fat. The effects of enzyme supplementations in increasing breast meat fat content were more pronounced when broilers were fed pearlmillet-based diets than corn-based diets. The diet × enzyme interaction was, however, not statistically significant (P = 0.07).
DISCUSSION
The improvement in G:F among broilers fed pearl millet diets are in agreement with our previous observations (Baurhoo et al., 2011) , thus confirming that the Canadian pearl millet could fully replace corn in broiler diets and lead to better growth performance. Interestingly, such positive effects occurred although 2 CTL = a standard corn-soybean meal control diet; PM = a pearl millet-soybean meal diet; CE = CTL + exogenous enzymes; and PE = PM + exogenous enzymes. The enzyme blend contained 2 complexes (first: 50 g of Vegpro/t of diet, Alltech Inc., Nicholasville, KY; and second: 100 g of Robavio Excel AP/t of diet, Adisseo Canada Inc., Campbellville, Ontario, Canada). The first complex provided the following quantities of enzymes: 7,500 units of protease and 44 units of cellulase per gram with side activities of pentosanase, α-galactosidase, and amalyse. The second complex provided the following quantities of enzymes: 22,000 visco units/g (equivalent to 1,400 units/g) of endi-1,4-β xylanase and 2,000 units/g of endo-1,3(4) β-glucanase.
pearl millet diets contained less (−27%) SBM. Growth rate was comparable with broilers fed corn-based diets despite reduced consumption of the PM diet. In another study with broilers, Davis et al. (2003) observed BW improvements when 33% of dietary corn was replaced with pearl millet. However, BW and feed efficiency were not altered when 5 to 75% of dietary corn was replaced with pearl millet in broilers (Davis et al., 2003; Hildalgo et al., 2004; Manwar and Mandal, 2009 ) and pigs (Lawrence et al., 1995) . The lack of consistency in growth improvements among studies may be attributed to variations in the nutritive values, including ME, CP, and AA of pearl millet varieties (Buerkert et al., 2001; Mustafa et al., 2008) .
We also observed that addition of a blend of exogenous enzymes to corn-based or pearl millet-based diets had no major effects on ADG and G:F. To the best of our knowledge, this is the first study evaluating the effects of enzyme addition to pearl millet-based diets on broiler performance. Our findings are in agreement with other reports that enzyme supplementation of corn-based diets did not alter ADG and feed conversion (West et al., 2007; Aftab, 2009; Madrid et al., 2010) . In contrast, several reports indicate substantial BW and feed conversion improvements because of enzyme supplementation of corn-based diets (Zanella et al., 1999; Kocher et al., 2003; Owens et al., 2008) . All these findings indicate inconsistent effects of enzyme supplementation of corn-based diets on broiler performance. This could be attributed to differences in the enzyme products studied, diet formulations, animal characteristics, or management practices.
In this study, the only observed positive effect of enzyme supplementations on broiler performance was reduced consumption of the CE diet compared with the CTL diet. Interestingly, a reduction in ADFI with the CE diet was not accompanied by depressed growth. Exogenous enzymes are known to cause enzymatic breakdown of nonstarch polysaccharides (NSP) and release of trapped nutrients (Bedford and Schulze, 1998) , leading to improvements in efficiency of feed utilization. Unlike broilers fed the CE diet, exogenous enzyme supplementation did not reduce consumption of the PE diet, and it could be associated with relatively small amount of NSP in pearl millet-based diets. But in agreement with our previous findings (Baurhoo et al., 2011) , our results on the digesta viscosity in the present study indicated similarity in soluble NSP between PM and CTL diets with or without enzyme supplementation. Intestinal digesta viscosity is a linear function of dietary concentrations of water-soluble NSP that bind water in the digesta (Choct and Annison, 1992; Langh- 2 CTL = a standard corn-soybean meal control diet; PM = a pearl millet-soybean meal diet; CE = CTL + exogenous enzymes; and PE = PM + exogenous enzymes. The enzyme blend contained 2 complexes (first: 50 g of Vegpro/t of diet, Alltech Inc., Nicholasville, KY; and second: 100 g of Robavio Excel AP/t of diet, Adisseo Canada Inc., Campbellville, Ontario, Canada). The first complex provided the following quantities of enzymes: 7,500 units of protease and 44 units of cellulase per gram with side activities of pentosanase, α-galactosidase, and amalyse. The second complex provided the following quantities of enzymes: 22,000 visco units/g (equivalent to 1,400 units/g) of endi-1,4-β xylanase and 2,000 units/g of endo-1,3(4) β-glucanase. out et al., 1999) . Wheat (2.4%), barley (4.5%), and rye (4.6%) are well documented to contain greater content of soluble NSP, especially β-glucans and arabinoxylans (Englyst, 1989; Choct, 2006) , and dietary inclusions of these grains necessitate enzyme supplementation to alleviate the problems of increased viscosity, reduced nutrient utilization, and depressed growth in broilers (Marquardt et al., 1994; Mathlouthi et al., 2002; Silva and Smithard, 2002; Shirzadi et al., 2010) . Therefore, we can assume that pearl millet-based diets contained less insoluble NSP because of the SBM inclusion rate. According to Irish and Balnave (1993) , SBM contains greater content of insoluble NSP (16.51% DM basis).
The investigation of enzyme supplementation of pearl millet-based diets on nutrient digestibility in poultry is another novel approach of this study. Although the PM diet was formulated to contain less SBM, broilers fed the PM and CTL diets had similar effects on AID of DM, OM, CP, and AA. In pigs, digestibility of CP and indispensable AA, including Lys, Arg, Thr, Val, and Ile, was increased when they were fed pearl milletbased diets compared with corn-based diets (Adeola and Orban, 1995) . But Yin et al. (2002) observed depressed CP and AA digestibility among pigs fed pearl millet diets. However, addition of enzymes to corn or pearl millet diet increased DM, OM, and CP digestibility. Our findings are in agreement with previous reports indicating that enzyme addition to corn-based diets can increase DM and CP digestibility without altering digesta viscosity (Zanella et al., 1999; Gracia et al., 2003) and growth (Madrid et al., 2010) . On the other hand, AA digestibility was markedly increased by enzyme addition to the CTL diet, but a similar effect was not observed between broilers fed the PE and PM diets. Therefore, enzyme supplementation to pearl millet diets was not necessary to maximize AA digestibility in broilers. The greater SBM inclusion rates in corn diets could explain the observed increase in AA digestibility with the addition of enzymes. We previously discussed that enzymes are effective in digesting NSP in SBM, which has greater NSP content, and that SBM represented the major source of AA in the CTL and CE diets. Therefore, considering reduced SBM inclusion rates in the PM and PE diets, these findings indicate that CP and AA in pearl millet, which are greater than corn, are highly digestible and used by chickens. This is further supported by our findings regarding similarity in CP contents of breast meat between broilers fed the different dietary treatments. Crude protein and essential AA are critical for efficient protein utilization 2 CTL = a standard corn-soybean meal control diet; PM = a pearl millet-soybean meal diet; CE = CTL + exogenous enzymes; and PE = PM + exogenous enzymes. The enzyme blend contained 2 complexes (first: 50 g of Vegpro/t of diet, Alltech Inc., Nicholasville, KY; and second: 100 g of Robavio Excel AP/t of diet, Adisseo Canada Inc., Campbellville, Ontario, Canada). The first complex provided the following quantities of enzymes: 7,500 units of protease and 44 units of cellulase per gram with side activities of pentosanase, α-galactosidase, and amalyse. The second complex provided the following quantities of enzymes: 22,000 visco units/g (equivalent to 1,400 units/g) of endi-1,4-β xylanase and 2,000 units/g of endo-1,3(4) β-glucanase. and meat deposition (Corzo et al., 2005) . It is worth mentioning that, in contrast to corn, which is markedly deficient in several AA, including Lys, Met, Thr, Try, Arg, and Val (Fernandez et al., 1994) , the Canadian pearl millet grain is richer in Lys, Met, Thr, Arg, Cys, His, Iso, Leu, Phe, Tyr, and Val (Yin et al., 2002) .
On the other hand, despite greater dietary fat in the PM diet compared with the CTL diet (8.40 vs. 5.53% DM, respectively), breast meat of PM-fed broilers tended to contain less fat. This was an important finding, indicating that growth improvements with feeding broilers pearl millet diets were not attributable to the greater fat content. It is known that increased BW, as a result of greater dietary fat, causes greater meat (intramuscular and intermuscular) and abdominal fat depositions. But, addition of enzymes to the PM diet increased meat fat contents. This observation was not surprising considering the fact that addition of an enzyme blend consisting of carbohydrases (cellulase, pectinase, and xylanase) to a corn-SBM diet that contained 15% oil-rich canola seeds increased ileal fat digestibility (Meng et al., 2006) . Unfortunately, the authors did not measure meat fat content. Therefore, it is possible that the addition of carbohydrases to the PM diet increased ileal fat digestibility and hence fat deposition in breast meat of broilers. Data on the ileal crude fat digestibility would have been interesting in this study; unfortunately, it was not measured because of insufficient intestinal digesta samples.
Feeding broilers the PM diet compared with the CTL diet also increased intestinal populations of lactobacilli. Establishment of an intestinal population of lactobacilli is generally regarded as a condition of good intestinal health. There is compelling evidence that lactobacilli secrete antimicrobial compounds such as bacteriocins that reduce the intestinal populations of harmful bacteria (Jin et al., 1996) . At this stage, it is difficult to explain the increased lactobacilli loads because of pearl millet. We previously reported no difference in lactobacilli loads between broilers fed the CTL and PM diets (Baurhoo et al., 2011) . Our findings on similarity in E. coli loads between broilers fed pearl millet-and cornbased diets were not surprising considering that intestinal digesta viscosity were not different. The correlation between increased digesta viscosity and increased intestinal concentrations of E. coli has previously been reported in broilers (Langhout et al., 1999) .
Increased villi height has been associated with increased intestinal populations of lactobacilli (Sieo et al., 2005; Baurhoo et al., 2007; Awad et al., 2009) . It has been reported that beneficial bacteria enhance vascularization and development of intestinal villi (Stappenbeck et al., 2002) . These observations can explain our results on the increased villi height associated with the increased lactobacilli because of the consumption of pearl millet diets compared with corn-based diets. Finally, our results that enzyme supplementations had no effects on lactobacilli populations and villi height are in agreement with the findings of Owens et al. (2008) and Lü et al. (2009) .
In conclusion, feeding broilers pearl millet diets containing less SBM (−27%) than a commercial corn-SBM diet improved feed efficiency and increased intestinal lactobacilli populations and villus development, but had similar effects on intestinal digesta viscosity and nutrient digestibility. Therefore, by virtue of its greater CP and AA contents, pearl millet may represent a new dietary strategy to reduce SBM inclusion rates in broiler diets, thereby reducing feed costs. Finally, enzyme supplementation to pearl millet diets may not be needed for growth maximization because enzymes had marginal beneficial effect on increasing apparent ileal digestibility of DM, OM, and CP.
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